Abstract. Cognitive Radio is a novel technique to solve spectrum scarcity in vehicular networks, and spectrum sensing is the initial step to realize Cognitive Radio. Cooperative spectrum sensing, which obtains the final sensing result from the detection decisions of multiple vehicles, has been commonly discussed to improve the sensing reliability in Cognitive Vehicular Networks, where energy detection method has been widely used due to the simplicity. However, eigenvalue based detectors, such as largest eigenvalue detector, can also improve the sensing performance by taking advantage of multi-antenna gain. This paper proposes a cooperative sensing architecture combining the largest eigenvalue detector and hard decision fusion to guarantee the sensing accuracy, and analyzes the detection performance. We give the Gaussian approximation and simulation results for the detection performance.
Introduction
The Internet of Vehicles aims at improving driving safety and reducing traffic congestion by transmitting data among vehicles, roadside infrastructures, and pedestrians. To realize the communication in the vehicular networks, the U.S. Federal Communications Commission has allocated 75MHz of spectrum for Dedicated Short Range Communications over 5.9-GHz band. And D2D based inter-vehicle communication has been taken into account in LET-V to guarantee the transmission of important data. Nevertheless, due to the rapid increase of the number of vehicles and development of vehicular wireless applications, the vehicular networks still suffer spectrum scarcity.
Cognitive Radio (CR), which can exploit the licensed but unused spectrum resource, is a compelling technique to ease spectrum starvation problem. In vehicular communication networks, CR has been attracting widely attention [1] [2] . In CR networks, to protect the quality of service of primary (licensed) user (PU), the reliable detection is required. Spectrum sensing as the first step in CR networks is extremely important.
In Cognitive Vehicular Networks (CVNs), the spectrum sensing carried out by a single vehicle cannot satisfy the accuracy requirements due to the shadowing, multipath, hidden node and mobility. [3] analyzed the performance of spectrum sensing, i.e. the probability of false alarm and miss detection, over composite fading in CVNs, where the fading channel is modeled by Gamma distribution and Nakagamim distribution. Therefore, spectrum sensing carried out by a group of vehicles in cooperative way is widely considered in CVNs. In the cooperative CVNs, vehicles need to send the local sensing result to a decision fusion center (DFC) to obtain the final decision. As shown in [4] , the final decision can be made both in centralized and distributed way. [5] proposed an architecture in which the local sensing result would be sent to a roadside unit so that the final decision could be made in centralized way. [6] Applied Belief Propagation to calculate final decision from the local sensing results carried out by vehicles in a cluster in distributed way. To perform the spectrum sensing for every single vehicle in the cluster, energy detection (ED) is of particular focus. [7] analyzed the performance of spectrum sensing with ED in CVNs.
ED is widely used in CVNs, because it can be performed without any knowledge on the waveform of the PU. Hence it is the so-called blind detection method, which is simpler to be implemented comparing to matched filter detection, cyclostationary feature detection, and other detection techniques. However, the performance is limited under low SNR region. Eigenvalue based detection methods, such as largest eigenvalue based (LE) detector and eigenvalue ratio based (ER) detector, are also blind detection techniques. These eigenvalue based detection methods can improve the detection performance by using of multiple receive antennas. The performance of LE detector can be analyzed based on Tracy-Widom distribution as proposed in [8] . Furthermore, [9] derived the closed-form Gaussian approximation, which significantly reduces the computation complexity. To the best of our knowledge, there is no literature analyzing the performance of spectrum sensing with LE method in cooperative CVNs.
In this paper, we take the LE detector into consideration to perform the local sensing for every vehicle in a cluster. And the performance of cooperative sensing is analyzed with hard decision fusion based on the results of [9] .
The rest of the paper is organized as follows. In the second section, we formulate the sensing problem combining with multiple vehicles cooperative sensing and LE detector. The approximated expression of sensing performance is given in the third section. In the fourth section, we present the simulation results. And the final conclusion is drawn in the final section.
Problem Formulation
This section describes the network model which combines the LE detector and hard decision fusion to improve sensing performance in CVNs. And then formulate the LE detector and give a brief introduce of hard decision fusion.
Network Model
As shown in Fig. 1 , to improve the performance of spectrum sensing, the ‫ܭ‬ vehicles in the same area compose a cooperation cluster. And every vehicle in the cluster is equipped with a sensor that consists of multiple receive antennas to detect the absence or presence of PU with LE detector independently. The local binary decision made by each vehicle will be transmitted to a DFC through a reporting channel. This DFC can be a roadside unit or a vehicle in the cluster. We can assume the reporting channel between the ݅‫ݐ‬ℎ vehicle and the DCF is a binary symmetric channel with error probability P , . The DFC will obtain the final decision according to AND rule. Vehicles can receive the final decision and access to the spectrum resource dynamically if it is unused by the PU. 
Local Sensing with LE Detector
Every single vehicle in the cluster will detect the presence of PU by local sensing with LE detector first. The vehicle is equipped with a sensor that consists of ‫ܯ‬ receive antennas. Every antenna collects ܰ samples during a sensing period. Generally, the sample size ܰ is much bigger than the antenna dimension ‫.ܯ‬ For the ݅‫ݐ‬ℎ vehicle, the received ‫ܯ‬ × ܰ data matrix ܻ can be represented as
The sensing problem is a hypothesis test. ‫ܪ‬ denotes the absence of PU, ‫ܪ‬ ଵ denotes the presence of PU. Assume there is only one PU in an area, and the channel stays constant during the sensing time. The received data can be represented as
where ݉ = 1,2, … , ‫,ܯ‬ and ݊ = 1,2, … , ܰ. ݊ , is Gaussian noise with zero mean and variance ߪ ଶ . ‫ݏ‬ is the signal transmitted by PU. The covariance matrix of received data matrix ܻ can be defined as S = Y Y ு , where ‫ܪ‬ denotes the Hermitian conjugate operator. The covariance matrix S has ‫ܯ‬ eigenvalues denoted as ߣ ଵ , … , ߣ ெ , where ߣ ଵ is the largest eigenvalue. The decision rule is expressed as
where ߛ is the decision threshold for local sensing.
Cooperative Sensing
To achieve the cooperative sensing, the detection result ‫ܫ‬ need to be transmitted to DFC though binary symmetric reporting channel with error probability P , . ‫ܬ‬ denotes the received data at DFC. Pሺ‫ܬ‬ = ‫ܫ|1‬ = 0ሻ = Pሺ‫ܫ‬ = ‫ܬ|1‬ = 0ሻ = P , (4) We assume P , = P for all vehicles. DFC will obtain the cooperative decision through decision fusion rule. Hard decision fusion rule, such as AND rule and OR rule, is used frequently. In this paper, we take AND rule into consideration. In AND rule, the spectrum is occupied only if all vehicles detect the presence of PU.
Detection Performance

Approximation of LE Performance
The exact performance of LE detector has been analyzed. According to [10] , under hypothesis ‫ܪ‬ , the covariance matrix S follows the complex central Wishart distribution, which can be denoted as S ~ܹெ ሺܰ, ߪ ଶ ‫ܫ‬ ெ ሻ, where ‫ܫ‬ ெ is a ‫-ܯ‬dimension identity matrix. The exact cumulative distribution function (CDF) of the largest eigenvalue of the covariance matrix S , denoted by ‫ܨ‬ ு బ ሺ‫ݔ‬ሻ, can be expressed in the form of Gamma function [9] .
And under hypothesis ‫ܪ‬ ଵ , the covariance matrix S follows the complex non-central Wishart distribution, which can be denoted as S ~ܹெ ሺܰ, ߪ ଶ ‫ܫ‬ ெ , ‫ܯܯ‬ ு ሻ. Matrix ‫ܯ‬ is the signal part of the received data, i.e. ‫ܯ‬ = [ℎ ଵ , ℎ ଶ , … , ℎ ெ ‫ݏ[′]‬ ଵ , ‫ݏ‬ ଶ , … , ‫ݏ‬ ே ].And the largest eigenvalue of ‫ܯܯ‬ ு can be denoted as ߮ ଵ . The exact CDF of the largest eigenvalue of the covariance matrix S , denoted by ‫ܨ‬ ு భ ሺ‫ݔ‬ሻ, can also be derived [9] .
However the computation complexity of the exact performance is extremely high with large the antenna number ‫ܯ‬ or sample size ܰ. Fortunately, [9] also showed us an Gaussian approximation that can fit the exact performance well. Hence the probability of miss detection of ݅‫ݐ‬ℎ vehicle with threshold ߛ can be expressed as
Generally, the false alarm probability is required to be under 0.1. For a target false alarm probability, the detection threshold for local sensing can be determined. Then the receiver operating characteristics (ROC) can be expressed as
Performance Analysis of Cooperative Sensing
The local sensing results, which performance characteristics can be described by ܲ , and ܲ , , will be transmitted to the DFC with error probability P . At the receiving end, i.e. the DFC receiver, the probability of false alarm and miss detection can be expressed as: 
In order to simplify the analysis of cooperative sensing performance, we also try to derive the approximative expression of performance of cooperative false alarm and miss detection. AND rule is a particular case of L-out-of-K rule. In L-out-of-K rule, the final decision indicator ‫ܫ‬ = ∑ ‫ܬ‬ ୀଵ , the rule is to choose ‫ܪ‬ when ‫ܫ‬ < ‫,ܮ‬ and to choose ‫ܪ‬ ଵ when ‫ܫ‬ ≥ ‫.ܮ‬Hence, when ‫ܮ‬ = ‫,ܭ‬ it equals to And rule.
For AND rule, all vehicles have the same probability of false alarm, hence ܲ ி, = ܲ ி for every vehicle. the probability of false alarm can be expressed as
(10) The sum function can be approximated by using Laplace-DeMoivre approximation [11] as
Following the approximation steps in [7] , the approximative probability of miss detection can be express as
where
Simulation Results
In Fig. 2 , we show the local sensing performance approximation with LE detector as a function of decision threshold. In this figure, the antenna number is 4, and sensing sample size is 400, the receive SNR is -5dB. With the performance figure, we can decide a threshold to minimize the probability of false alarm and miss detection. We can also notice that the performance here is extremely good. This is because, as an initial research, we assume the channel between PU and vehicles is a constant, i.e. there is no fading in this network. In practice and further work, we need to take fading into account. Then some vehicles may suffer a deep fading, and the performance of LE detector in CVNs may not good enough. So, the cooperation among vehicles is still necessary.
In Fig. 3 , we show the cooperative sensing performance approximation with AND rule. The figure shows that the performance will get better when the number of cooperative vehicles increases. However, the signaling overhead will grow at the same time, because every vehicle need to communicate with DFC. Hence the trade-off between sensing performance and signaling overhead need to be discussed in advance. 
Conclusion
In this paper, we combine the LE detector and hard decision fusion for multiple vehicles to improve the sensing performance in CVNs, and give the approximative expression of cooperative spectrum sensing. As an initial research, we simplify the channel model between vehicles and PU as a constant channel in this paper. The next work is to analyze the sensing performance over composite fading channel.
